Abstract-L-band synthetic aperture radar (SAR) interferometry is very successful for mapping ground deformation in densely vegetated regions. However, due to its larger wavelength, the capacity to detect slow deformation over a short period of time is limited. Stacking and small baseline subset (SBAS) techniques are routinely used to produce time series of deformation and average deformation rates by reducing the contribution of topographic and atmospheric noise. For large sets of images that are presently available from C-band European Remote Sensing Satellites (ERS-1/2) and Environmental Satellite (ENVISAT), the standard stacking and SBAS algorithms are accurate. However, the same algorithms are often inaccurate when used for processing of interferograms from L-band Advanced Land Observing Satellite Phased Array type L-band SAR (ALOS PALSAR). This happens because only a limited number of interferograms is acquired and also because of large spatial baselines often correlated with the time of acquisition. In this paper two techniques are suggested that can be used for removing the residual topographic component from stacking and SBAS results, thereby increasing their accuracy.
I. INTRODUCTION

D
IFFERENTIAL synthetic aperture radar (SAR) interferometry (DInSAR) is a powerful tool for measuring ground deformation on a large spatial scale with high resolution and high accuracy [14] , [15] . Presently, DInSAR is routinely used for mapping seismic and volcanic deformation [11] , [12] as well as deformation caused by various anthropogenic sources such as mining and extraction of groundwater, oil, and gas [7] , [8] . There are a few factors limiting the accuracy of interferometry, such as temporal and spatial decorrelation, and atmospheric and topographic noise. The decorrelation effect is perhaps the largest limitation, which has been partially overcome by developing a permanent scatterer (PS) technique [4] , [6] . By using the PS approach, it is possible to calculate linear deformation rates and even to reconstruct nonlinear time series of each PS [5] . This technique works best when a dense network of PSs is found, which is not often the case for many regions. In areas of moderate to good coherence, it is possible to apply stacking technique [18] that produces mean deformation rates, and also small baseline subset (SBAS) technique [1] that produces nonlinear time series as well as linear (average) deformation rates. The SBAS technique works only on pixels that are coherent above a chosen threshold on all interferograms.
When a large set of SAR images for a single region is available, it is almost always possible to pick the best coherent interferometric pairs that have small spatial baseline, thereby reducing sensitivity to residual topography. This is often the case for the C-band European Remote Sensing Satellites (ERS-1/2) and the Environmental Satellite (ENVISAT), which have been operational for many years and have produced large amounts of data since the early 1990s. Unfortunately, in some regions such as those covered by dense vegetation or snow, C-band interferometry is unsuccessful. The only option then is to use L-band data from the only presently operational sensor, Phased-Array-type L-band SAR (PALSAR), onboard the Advanced Land Observing Satellite (ALOS) [16] .
In our previous work [17] , we showed that ALOS PALSAR interferometry produces excellent results in the New Zealand environment where the standard C-band approach is mostly unsuccessful. Interferograms are collected over a time span of two-three years with spatial baselines of up to 2-3 km. Due to the relatively small number of images available and because of good coherence, it is often impossible and unnecessary to apply PS techniques. On the other hand, stacking and SBAS techniques are very successful for calculating the time series of deformation and for producing linear (average) deformation rates. Both these techniques remove random noise, therefore increasing the sensitivity of the measurements. However, in [17] , it was shown that the residual topographic noise cannot be considered random in case of ALOS PALSAR, and it is believed to be the single largest source of error limiting the interpretation of results (Fig. 1) . In this paper, sensitivity of the stacking and SBAS results to the residual topography is explained, and methodology for removing this signal by calculating a topographic correction is suggested.
II. METHODOLOGY
A. Stacking
A stack of K interferograms is calculated for each pixel by the following equation: 
Here, it is assumed that the atmospheric component also includes all other small errors that are uncorrelated in time (orbital, thermal noise, and so on). By substituting (2) into (1) one gets
Since the atmospheric component is uncorrelated in time, it is assumed that the quantity φ k atm / t k is small and therefore can be omitted, and φ k topo can be expressed as dependent on the perpendicular baseline length
where R is the line-of-sight distance, θ is the look angle, H is the residual topographic height, and B k perp is the perpendicular baseline of the kth interferogram. From this equation, it is clear that the total topographic contribution depends on B k perp and is negligible only when this term is close to zero. However, for most ALOS PALSAR tracks, this value is presently large and therefore cannot be omitted. At the same time, it is desirable to remove the topographic component in order to improve the accuracy of the calculated stack.
In [13] , it was proposed to remove this term by calculating a topographic correction based on dependence of the topographic phase φ In order to estimate and remove the topographic component in the case when perpendicular baselines correlate with the time of acquisition, it is proposed to apply the following technique consisting of four steps.
Step 1) Calculate initial stack using (1).
Step 2) For each pixel of each differential interferogram k, calculate the deviation of observed phase from the spatial average calculated in a neighborhood window φ
contains mostly topographic contribution because the deformation contribution and spatially correlated atmospheric noise averaged over some spatial window are removed.
Step 3) Apply linear regression between the calculated term φ k topo and B k perp in order to calculate residual topographic ratio H/R sin(θ).
Step 4) Calculate the corrected stack applying topographic correction according to the following equation:
The size of the neighborhood window in
Step 2) depends on the spatial characteristics of the topographic errors. In order for the technique to produce correct results, the spatial window needs to be larger than the correlated features of the topographic noise but smaller than the spatial extent of deformation signal.
B. SBAS
In case of correlated baselines, the methodology proposed earlier can be successfully applied for removing residual topographic noise in the SBAS processing. For example, in [10] , a similar methodology of isolating uncorrelated noise from correlated signal was applied in PS processing. However, if only a partial correlation is observed, it is possible to solve for velocities and residual topographic error simultaneously utilizing standard SBAS approach.
In matrix form, the standard SBAS method is formulated in the following form: velocities and topographic errors simultaneously by adding to matrix A the column with perpendicular baselines and an unknown term at the end of the vector V that represent residual topographic ratio.
For example, let us assume that there are three SAR images acquired at times t 1 , t 2 , and t 3 , and three interferograms were created, spanning time intervals t 2 − t 1 , t 3 − t 2 , and t 3 − t 1 with perpendicular baselines b 21 , b 32 , and b 31 . In this case, the SBAS formulation looks like this
The solution of this problem can be found by applying singular value decomposition (SVD) to matrix A and by solving the inverse problem V = A −1 Φ obs , where A −1 is the pseudoinverse of matrix A calculated with SVD.
III. RESULTS
Both techniques described above were used for processing of ALOS PALSAR acquired over Taupo Volcanic Zone (TVZ) in New Zealand. The TVZ is an active tectonic area with dimensions of approximately 50 (NW-SE) by 350 (SW-NE) km located in the central North Island of New Zealand and currently experiencing active continental extension related to the subduction of the Pacific plate beneath the Australian plate. In the past, a few studies have been performed in the TVZ using C-band InSAR. In [8] , it was shown that conventional differential interferometry produces limited results because of significant decorrelation caused by dense vegetation. Even PS analysis was not particularly successful because of the lack of a dense network of PSs [9] . Since late 2006, the ALOS PALSAR sensor has been acquiring data in the L-band. However, because of the large size of the area, only a few SAR images are available for each path, and at the same time, most interferograms have very large perpendicular baselines that partially correlate with the time of acquisition (Fig. 2) .
Nine ALOS PALSAR images from descending path 628 frame 4400 (Fine Mode Single Polarisation and Fine Beam Double Polarisation, HH polarization) acquired between July 15, 2007 and January 17, 2009 were used in this study. The data were acquired in raw format, and SAR and DInSAR processing was performed with GAMMA software [19] . During the interferometric processing, all images were coregistered to a single image acquired on July 15, 2007, and 19 interferograms with perpendicular baseline of less than 2500 m were calculated (Table I ). The Shuttle Radar Topography Mission (SRTM) 90-m resolution digital elevation model (DEM) was used to remove the topographic phase, and interferograms were unwrapped using the Minimum Cost Flow algorithm [2] .
In general, all interferograms were coherent above the chosen threshold of 0.35 almost everywhere within the region of interest. Because of the large L-band wavelength and the short time span of the interferograms, the unwrapping process was fast, and no errors were observed. A small subregion of 360 × 360 pixels (approximately 10 × 10 km) covering Wairakei and Tauhara geothermal fields was extracted from each interferogram for stacking.
The stacking algorithm described in the previous section with a spatial window of 32 × 32 pixels was applied in order to calculate the average deformation rates corrected for topographic noise. The sensitivity to topography is apparent for this particular stack because of B k ⊥ being large, about 6 km. The results of stacking are shown on Fig. 3(a) and (b) before and after applying the topographic correction. The residual topographic noise is clearly visible on the first image and significantly reduced on the second. The values of topographic noise were converted to errors in elevation, and these results are shown in Fig. 3(c) . Most errors range from about −3 to +3 m which are slightly better than the 7-m reported accuracy of the In order to demonstrate the second technique, the proposed SBAS processing was performed that simultaneously solved for deformation rates and residual topographic error. Examples of the time series are shown in Fig. 5(a)-(f) , and linear deformation rates calculated from SBAS time series are shown in Fig. 5(h) , and the calculated residual topographic error is shown in Fig. 5(i) . For comparison purposes, linear deformation rates calculated without applying correction are shown in Fig. 5(g) . A few areas with significant topographic errors are clearly identified.
For the two regions of fastest subsidence at Tauhara and Wairakei as well as for the area of the largest topographic error [red spot in Fig. 5(g) ], uncorrected and corrected time series with the proposed technique (Fig. 6) were produced. The residual topographic noise is apparent in the uncorrected series and mostly removed from the corrected series. The temporal pattern of the residual topographic noise is correlated with the temporal pattern of the perpendicular baselines (Fig 2) .
In order to show the limitations of the first correction technique, the calculated linear deformation rates are presented here for the ascending path 325 that covers not only the Tauhara-Wairakei area (in the bottom-left corner) but also a much larger area of the TVZ, including the Ohaaki geothermal field (in the center). The linear deformation rates were calculated with SBAS technique without topographic correction Fig. 7(a) , with the first topographic correction Fig. 7(b) , and the second topographic correction Fig. 7(c) . In this case, the spatial extent of the topographic noise for some areas is larger than (or comparable with) the spatial extent of the deformation signal. Therefore, if the spatial window for the first topographic correction is chosen to be smaller than the correlated features of the topographic noise, the correction is incomplete. However, if the spatial window for the first topographic correction is chosen to be larger than the correlated features of the topographic noise, the correction would not be able to distinguish between topographic and deformation components. An error analysis was performed that estimated the standard deviation from the mean value (Table II) of the results shown in Fig. 7 . The standard deviation of results without applying any type of correction was about 1.91 cm/year. This value decreased to 1.46 cm/year when the first type of correction was applied (using 32 × 32 pixel window) and to 1.18 cm/year when the second type of correction was applied (simultaneous inversion for deformation rates and topographic errors). The nature of the residual topographic noise is not absolutely clear at this time and needs to be studied further. It is believed that at least, partially, the residual topographic noise is caused by either changes in land cover since the time of acquisition of C-band SRTM data that was used for DEM generation or by the different wave propagation and interaction of C-and L-band SAR with vegetation and soil.
IV. CONCLUSION
Two useful methods were presented in this paper for removing the residual topographic noise from stack and SBAS processing of differential interferograms when the baseline lengths within the set of interferograms are large and variable. This approach is particularly applicable to L-band ALOS PALSAR data because of good coherence in vegetated regions, smaller number of images presently available, lower sensitivity to slow deformation, and the observed temporal variation of spatial baselines. Because of good coherence and large wavelength (about 0.23 m), unwrapping is successful in most cases, which significantly simplifies further processing. Due to the large L-band wavelength, the sensitivity to small deformation (slow deformation over a short period of time) is limited, and interpretation of single interferograms is complicated by the presence of atmospheric and topographic noise. Therefore, stacking and SBAS processing are the methods of choice in most interferometric studies based on ALOS PALSAR data.
It was demonstrated here that because of the particular temporal pattern of perpendicular baselines, the standard stacking approach is not accurate, and topographic correction needs to be applied. If only a small set of interferogram is available and perpendicular baselines are perfectly correlated with the time of acquisition, such as for a subset of eight images from path 325 and four images from path 628, acquired between February 2007 and June 2008, the standard topographiccorrection technique cannot be applied [13] because it is not possible to separate the deformation and topographic components of the observed signal. The technique proposed here will produce better results because it separates the spatially correlated deformation and atmospheric components from the uncorrelated residual topographic component and uses the latter to calculate the topographic correction. However, this approach can be applied only if the spatial extent of correlated noise is smaller than the spatial extent of deformation signal. Exact parameters may depend on the magnitude of deformation and need to be carefully evaluated.
The same topographic-correction technique can be applied in SBAS processing if the correlation between perpendicular baselines and the time of acquisition is perfect. In case of partial correlation, it is recommended to apply the modified SBAS technique proposed here that simultaneously solves for deformation rates and the residual topographic error. Examples of both techniques were presented here and showed valuable improvement to the final results.
